The aim of this study was to analyze male and female gonad fatty acids of two sea urchin species, Paracentrotus lividus and Arbacia lixula, from the south coast of Spain. Additionally, we investigated possible diVerences between two locations. The ovaries of both species showed higher percentages of 14:0, 16:0, 16:1n-7, 18:2n-6, 18:3n-3 and 18:4n-3 than testes and lower levels of 18:0, 22:1n-9, 20:4n-6 and 22:5n-3. In P. lividus but not in A. lixula, the level of 20:5n-3 was higher in testes than in ovaries. These diVerences between sexes probably indicate diVerent requirements of males and females during gametogenesis although the presence of a large number of gametes in the mature gonad may also have inXuences on fatty acid composition. SigniWcant diVerences in gonad fatty acid proWles where also found when individuals of P. lividus collected at a location of the Mediterranean region were compared with specimens collected at the Atlantic coast. The most remarkable changes were the lower levels of 14:0, 18:1n-7, 20:1n-9, 20:4n-6 and 22:4n-6 and the higher values of 20:1n-11, 20:5n-3 and 22:6n-3 found in males and females of the Mediterranean specimens compared to those of the Atlantic coast. These diVerences probably reXect the diVerences in potential food sources at each location.
Introduction
Paracentrotus lividus (Lamarck, 1816) and Arbacia lixula (Linnaeus, 1758) are two sea urchin species that coexist on hard substrata in shallow subtidal habitats of the Mediterranean and Atlantic coasts of Spain. Paracentrotus lividus is an opportunistic generalist species able to exploit a number of food sources, although brown macroalgae and seagrasses constitute the main feeding resource (Boudouresque and Verlaque 2007; Privitera et al. 2008) . Arbacia lixula, however, shows a strong preference for encrusting corallines (Frantzis et al. 1988; Privitera et al. 2008) . It has been reported that the quality and quantity of food aVects the reproductive maturation and growth of sea urchins (Fernán-dez and Pergent 1998; Meidel and Scheibling 1999) , and that they also modify the biochemical composition of gonads (Hammer et al. 2006; Fernández 1997; LiyanaPathirana and Shahidi 2002a) . Fatty acids are also important for sea urchin reproduction. During gametogenesis, they can be used as a source of energy (Marsh and Watts 2001) and, additionally, sea urchin spermatozoa obtain energy for swimming through oxidation of fatty acids derived either from phosphatidylcholine or from triglycerides (Mita and Nakamura 2001) . In the eggs, triglycerides are important for larval development and survival (Kozhina et al. 1978; Sewell 2005; Yasumasu et al. 1984) . Sea urchins as many other marine animals are able to synthesize most fatty acids but dietary lipids also provide the essential fatty acids linoleic (18:2n-6) and -linolenic (18:3n-3) and some other important long-chain n-6 and n-3 polyunsaturated fatty acids such as arachidonic (20:4n-6) and eicosapentaenoic (20:5n-3) acids. Thus, tissue fatty acid composition must be considered as the result of endogenous synthesis and exogenous supply.
In this study, the Wrst objective has been to investigate sex diVerences in the gonad fatty acids of two sea urchin species, Paracentrotus lividus and Arbacia lixula from the south coast of Spain. Additionally, the possible inXuence of the habitat was analyzed comparing specimens of P. lividus collected at two diVerent shores.
Materials and methods
The study was conducted at two locations on the south shore of Spain, La Herradura (Granada, Mediterranean Sea) on the southeastern coast (3º45Ј29ЈЈW 36º44Ј14ЈЈN), and Torregorda (Cadiz, Atlantic Ocean) on the southwestern side (6º15Ј0ЈЈW 36º28Ј1ЈЈN) (Fig. 1) . Specimens of Paracentrotus lividus were collected at each of these two locations, whereas Arbacia lixula was only collected at La Herradura since this species is not present at Torregorda. The sampling station of La Herradura, located at depths between 3 and 7 m, has vertical walls and large rocks lying on a soft bottom with sandy and pebbly patches. It is a sheltered area, exposed to low hydrodynamism. The studied assemblages are dominated by seaweed, mainly the articulated red algae Corallina elongate J. Ellis & Solander 1786, some encrusting coralline algae as those of the genera Lithophyllum Philippi 1837 and Mesophyllum Lemoine 1928, and some frondose brown and red algae as Cystoseira sp.C. Agardh 1820, Stypocaulon scoparium (Linnaeus) Kützing 1843, Padina pavonica (Linnaeus) Thivy 1960, Sphacelaria sp. Lyngbye 1819, Colpomenia sinuosa (Mertens ex Roth, 1806) Drebès & Solier 1851 and Asparagopsis armata Harvey 1855. Torregorda is an intertidal area where the bottom is a horizontal rocky platform with many pools. It is exposed to high hydrodynamism. With respect to the seaweed structure, there is a community of red turWng algae as those of the genera Gelidium Lamouroux, 1813, Caulacanthus Kützing 1843 and Corallina Linnaeus 1758, some brown algae as Dictyota dichotoma (Hudson) J.V. Lamouroux 1809 and Dictyota fasciola (Roth) J.V. Lamouroux 1809, and some species of the green algae Ulva Linnaeus 1753. The sea urchins were found on the walls of the pools. The diVerences in water temperature between both locations are small (mean value of the year: La Herradura: 18.58 § 4.38; Torregorda: 18.67 § 3.50).
The individuals of each sea urchin species were collected and brought to the laboratory where they were dissected, and their gonads were removed. Two gonads were stored at ¡30°C for fatty acid analysis, and the remainder was Wxed in formaldehyde 10% for microscopic determination of sex.
Sampling was carried out from January to May in 2003, since previous studies in their reproductive biological cycle (Martínez et al. 2003; Sánchez-España et al. 2004 ) and personal observations have showed that this is the maturing season. A total of 37 males and 30 females of A. lixula collected at La Herradura, 51 males and 15 females of P. lividus collected at La Herradura and 42 males and 29 females of P. lividus from Torregorda were analyzed. As there were no changes in fatty acid composition in the sampling period (January-May 2003, results not shown) for the statistical analysis, the results were pooled for sex and location.
Fatty acid analysis
For each individual, one gonad was weighed and homogenized in 0.9% NaCl (1:2 w/v). The fatty acid methyl esters were prepared by a direct transesteriWcation reaction according to Lepage and Roy (1987) . BrieXy, 2 mL of methanol-benzene 4:1 (v/v) was added to 0.2 mL of homogenate and then, while stirring, 0.2 mL of acetyl chloride was slowly added. Tubes were tightly closed and maintained at 100°C for 1 h. After cooling, 5 mL of 6% K 2 CO 3 solution was added. The tubes were then shaken and centrifuged, and the benzene upper phase was recovered for fatty acid analysis.
Fatty acid methyl esters were separated by gas-liquid chromatography using a Hewlett-Packard 5890 gas chromatograph equipped with a fused silica capillary column (30 m £ 0.25 mm ID) coated with TR-WAX and supplied by Teknokroma (Barcelona, Spain). The initial column temperature was 190°C, with an initial hold time of 10 min, and was programmed to 240°C at a rate of 2ºC/min and a Wnal hold time 10 min. The temperature of the injector was 250°C and that of the detector was 275°C. Peaks were identiWed by comparison with known standards (FAME mix C4-C24, Supelco/Sigma-Aldrich) and with a well-characterized proWle of menhaden Wsh oil (Supelco-SigmaAldrich). The identiWcation of non-methylene-interrupted dienoic fatty acids was based upon the work of Takagi et al. (1986) , since these compounds do not appear either in the FAME mix or in menhaden oil. The results were reported as area percentages.
Statistical methods
Values were expressed as mean percentages § SD. Unpaired Student t-test was used to determine diVerences between male and female gonad fatty acids of both P. lividus and A. lixula. This test was also used to analyze diVerences between males or females of P. lividus sampled at the locations of La Herradura and Torregorda.
Results
Male and female gonad fatty acids of A. lixula and P. lividus are shown in Tables 1, 2 and 3. A similar pattern was found for males and females irrespective of the considered sea urchin species or the sampling location. In both ovaries and testes, the three major saturated fatty acids were myristic (14:0), palmitic (16:0) and stearic (18:0) although their levels, especially those of 14:0 and 18:0, diVered in P. lividus with respect to A. lixula. Higher percentages of 14:0 and 16:0 and lower levels of 18:0 were found in ovaries when compared to testes; these diVerences were more marked in A. lixula, especially for 18:0 whose level in males doubled that found in females. A total of seven monounsaturated fatty acids (MUFA) were identiWed in the gonads of the two sea urchins species: 16:1n-7, 18:1n-7, 18:1n-9, 20:1n-7, 20:1n-9, 20:1n-11 and 22:1n-9 . The major MUFA was 20:1n-11 with values that varied between 5 and 7%, whereas the two minor MUFA were 18:1n-9 and 20:1n-7 whose levels did not reach 2%. In A. lixula, the percentage of 20:1n-9 was very low and hardly exceeded 1% whereas in P. lividus it was approximately 4%. The most important diVerences observed in MUFA between males and females were the higher level of 16:1n-7 and the lower percentage of 22:1n-9 found in the ovaries comparing to testes. In A. lixula, 18:1n-7 and 20:1n-9 were also signiWcantly elevated in the gonads of females.
As shown in Tables 1, 2 and 3, in both ovaries and testes, the two major polyunsaturated fatty acids (PUFA) were arachidonic (20:4n-6) (10-17%) and eicosapentaenoic (20:5n-3) (13-17%) acids. The percentage of 20:4n-6 and 22:5n-3 were higher in males than in females, whereas the two essential fatty acids 18:2n6, 18:3n-3 as well as 18:4n-3 showed higher levels in females. Eicosapentaenoic acid did not show signiWcant diVerences between males and females; although, while in A. lixula, this fatty acid was slightly higher in females than in males, in P. lividus the opposite was observed. In addition to these n-3 and n-6 PUFA, two non-methylene-interrupted dienoic fatty acids (NMID), 20:2 5,11 and 20:2 5,13, were identiWed in the gonads of the two sea urchins species. Their values tended to be lower in males than in females, and in A. lixula, these diVerences were more marked and statistically signiWcant. As described earlier, specimens from both locations showed similar diVerences in gonad fatty acids between males and females but, additionally, some signiWcant diVerences were found in gonad fatty acid proWles when individuals from diVerent sites but with the same sex were compared. As shown in Figs. 2 and 3 , the most important changes observed were the lower levels of 14:0, 18:1n-7, 20:1n-9, 20:4n-6 and 22:4n-6 and the higher values of 20:1n-11, 20:5n-3 and 22:6n-3 found in the gonads of both sexes of the specimens from La Herradura when compared to those from Torregorda. The remaining fatty acids showed either no modiWcations or minor changes.
Discussion
Previous studies in marine invertebrates have reported signiWcant diVerences in fatty acid composition between males and females. For example, it has been described that the female gonads of the molluscs Patella depressa (Pennant, 1777), Argopecten purpuratus (Lamarck, 1819), Haliotis rubra (Leach, 1814) and Haliotis laevigata (Donovan 1808) have higher levels of 14:0, 16:1n-7, 18:1n-9, 18:2n-6 and 18:3n-3 than the male gonads (Caers et al. 1999; Grubert et al. 2004; Morais et al. 2003) . The level of 20:4n-6 is usually similar in males and females but the content of 20:5n-3 diVers among species and, for example, is higher in the testes of P. depressa and H. rubra but lower in those of A. purpuratus (Caers et al., 1999; Grubert et al. 2004; Morais et al. 2003) . In several species of Caprellidea, we have also reported higher percentages of 16:1n-7 and lower levels of 18:0, 20:4n-6 and 20:5n-3 in females than in males (Guerra-García et al. 2004) . Sex diVerences in fatty acid composition of sea urchin gonads have only been Number of samples at La Herradura: 51. Number of samples at Torregorda: 42. Values are means § SD SAT: total saturated fatty acids. MUFA: total monounsaturated fatty acids. PUFAn-6: total polyunsaturated fatty acids of n-6 series. PUFAn-3: total polyunsaturated fatty acids of n-3 series. * P < 0.05 with respect to specimens collected at La Herradura Values are means § SD SAT: total saturated fatty acids. MUFA: total monounsaturated fatty acids. PUFAn-6: total polyunsaturated fatty acids of n-6 series. PUFAn-3: total polyunsaturated fatty acids of n-3 series. * P < 0.05 with respect to specimens collected at La Herradura reported for Psammechinus miliaris (Gmelin, 1178) by Hughes et al. (2005 Hughes et al. ( , 2006 . These authors found higher proportions of 14:0, 16:1n-7 and 18:4n-3 in females as well as higher levels of 18:0, 20:4n-6, 20:5n-3 and 22:6n-3 in males. In the present study, we observed some degree of concordance with data obtained in P. miliaris, since the females of both P. lividus (either collected at La Herradura or at Torregorda) and A. lixula also showed higher percentages of 14:0, 16:1n-7 and 18:4n-3 and lower proportions of 18:0 and 20:4n-6. However, 20:5n-3 was elevated in the males of P. lividus but not in A. lixula where this fatty acid even tended to be higher in females; and in both sea urchin species 22:6n-3 did not diVer between males and females. Additionally, the saturated 16:0 and the essential fatty acids 18:2n-6 and 18:3n-3 were higher in females, whereas 22:1n-9 and 22:5n-3 were higher in males. DiVerences in fatty acid composition between male and female gonads may reXect metabolic particularities of gonad tissue related to speciWc requirements for spermatogenesis and oogenesis. In echinoderms, it has been reported that the reproductive eVort is greater in females than in males and that the lipid and carbohydrate content is higher in ovaries than in testes (Fenaux et al. 1977; Raymond et al. 2007; Unuma et al. 2003) . In addition, with increasing maturity stage, gonads are enriched with spermatozoa and oocytes whose diVerent lipid composition could inXuence the gonad fatty acid composition. Hughes et al. (2006) studied the changes in gonad fatty acid proWle of P. milliaris over maturity stages and found that there were some signiWcant diVerences in fatty acids between males and females prior to spawning but not for the post-spawning stages. They suggested that this is probably due to the presence, at stage 4, immediately before the release of gametes, of high levels of gametes with diVerent fatty acid composition. Triglycerides, important for embryos during early development, are the main non-polar lipids in the eggs of sea urchins (Kozhina et al. 1978; Sewell 2005; Villinski et al. 2002; Yasumasu et al. 1984) but are present at very low levels or even absent in spermatozoa where phospholipids clearly predominate (Kozhina et al. 1978; Mita et al. 1994) . Triglycerides and phospholipids have usually distinctive fatty acid proWles and, for example, in the gametes of diVerent sea urchin species, it has been shown that phospholipids have higher levels of 18:0, 20:4n-6 and 20:5n-3 than triglycerides but lower proportions of 14:0, 16:0 and 16:1n-7 (Kozhina et al. 1978; Metzman et al. 1978; Mita et al. 1994 ). In our study, sampling was carried out in the period of the reproductive cycle in which we knew that gametes (premature or fully developed) were present, avoiding the post-spawning or recovery stages (Martínez et al. 2003; Sánchez-España et al. 2004, personal observations) . Thus, gender diVerences observed in the levels of 14:0, 16:0, 18:0 and 20:4n-6 could be due, at least in part, to the presence of gametes (sperm or oocytes) in the gonads. On the other hand, the higher percentages of 18:2n-6, 18:3n-3 and 18:4n-3 found in the female gonads of P. lividus and A. lixula suggest that females speciWcally retain these fatty acids that could be subsequently transferred to eggs; then larvae would have a source of essential fatty acids until they were able to feed by themselves. In that sense, it has been recently reported in diVerent sea urchin species that larvae do not have speciWc requirements for long-chain PUFA and that they can normally develop when the diet supplies adequate amounts of 18:2n-6, 18:3n-3 and 18:4n-3 (Liu et al. 2007a, b) .
We identiWed two non-methylene-interrupted dienoic fatty acids (NMID) 20:2 5,11 and 20:2 5,13, in the gonads of A. lixula and P. lividus. The presence of 20 and 22 carbon NMI has been previously reported in the soft tissues of P. lividus (Serrazanetti et al. 1995) as well as in other sea urchin species (Cook et al. 2000; Liyana-Pathirana et al. 2002b; Hughes et al. 2005 Hughes et al. , 2006 Takagi et al. 1986 ). The exact physiological function of NMID has not been established; but because of their predominance in polar lipids, it has been suggested that they have functional and structural roles in membranes (KraVe et al. 2004 ). These fatty acids are not found in the algae usually consumed by sea urchins; thus, their presence in the gonads of both sea urchins species suggests that they have been formed endogenously by 5 desaturation of their immediate precursors 20:1n-9 and 20:1n-7, as previously described by Zhukova (1991) in molluscs. The levels of NMID were reported to be higher in the female gonads of two limpet species when compared to the male gonads (Kawashima 2005) . In our study, the two identiWed NMID showed also higher proportions in ovaries than in testes although diVerences were only signiWcant in A. lixula and not in P. lividus. A clear relationship between the levels of 20:2 5,11 and 20:2 5,13 and those of their immediate precursors, 20:1n-9 and 20:1n-7, was not observed in the gonads of both sea urchin species since, for example, the level of 20:1n-9 was higher in the female gonads of A. lixula, lower in those of P. lividus from La Herradura and showed no diVerences with males in P. lividus from Torregorda. Thus, it seems that the synthesis of NMID does not only depend on the availability of their precursors. Furthermore, as these fatty acids are present in higher proportions in ovaries than in testes, they could play speciWc roles in female reproductive physiology.
On the other hand, comparing either male or female gonad fatty acids of subtidal Mediterranean P. lividus with those of the intertidal Atlantic site, we found that these were also inXuenced by location. The most important diVerences were observed in some and in the main long-chain . Male and female gonads P. lividus collected at Torregorda showed higher levels of 18:1n-7, 20:1n-9, 20:4n-6 and 22:4n-6, whereas 20:1n-11, 20 :5n-3 and 22:6n-3 were higher in the specimens collected at La Herradura.
In marine ecosystems, the two main factors that can modify tissue fatty acids are water temperature and diet. In marine invertebrates, it has been reported that when temperature decreases, there is an increase of polyunsaturated fatty acids in order to maintain the functionally optimal membrane Xuidity (Sanina and Kostetsky 2002) . However, it is unlikely that the diVerences in PUFA composition are due to temperature since we put together all data obtained from the gonads of the specimens collected during the Wrst half year and, as earlier mentioned, water temperatures are very similar at La Herradura and Torregorda. Therefore, changes observed in gonad fatty acid composition may be related to diVerences in the macroalgae species consumed by P. lividus at both sites. This species usually feeds on brown algae and less frequently on green algae (Boudouresque and Verlaque 2007) . Stypocaulon scoparia predominates at La Herradura together with other brown algae whereas at Torregorda the assemblage is a mixture of brown (mainly Dyctiota dichotoma and D. fasciola) and green algae (mainly Ulva spp.). Although we did not analyze the fatty acids of these algae species and therefore cannot establish a direct relationship with the fatty acid content of the animals, it is likely that the diVerent algal diet has inXuenced animal fatty acid composition. Furthermore, although macroalgae constitute the main feeding resource of P. lividus, this sea urchin is an opportunistic species that can exploit other food resources such as microalgae, sponges, hydrozoa or copepods (Boudouresque and Verlaque 2007) whose occurrence could also diVer between both locations. For example, the source of 20:1n-11 found in higher proportions in the gonads of the specimens collected at La Herradura, could be sponges (Nechev et al. 2004; Zimmerman et al. 1989) , that are more abundant at the rocky subtidal areas of La Herradura than at the swallow ponds of Torregorda. And the source of 20:1n-9 could be copepods which it is known to be enriched in this longchain monounsaturated fatty acid (Falk-Petersen et al. 1987 ).
In conclusion we report, for the Wrst time, sex diVerences in gonad fatty acids of the sea urchins Paracentrotus lividus and Arbacia lixula, and we speculated with the possibility that these diVerences were related either to speciWc requirements of males and females during gametogenesis and/or to diVerences in the fatty acid composition of the spermatozoa and oocytes present in mature testes and ovaries. Additionally, we have also found an environmental inXuence on gonad fatty acid composition that is probably related to diVerences in the available food resources.
